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Abstract (contd. ) 

coef f ic ient  decreases 1 i n e a r l y  w f  t h  increasing wetness. 
The estimated values o f  the sca t te r ing  and absorption coef- 

f i c i e n t s  are then used t o  ca lcu late the emission from each l a y e r  
o f  the snowpack throughout the d iurnal  experiment. 
t h a t  f o r  dry snow, the ground underneath the snowpack contr ibutes 
about 45% o f  a l l  measured emission whi le  the r e s t  is due t o  emis- 
s ion from a l l  the layers w i t h i n  the snowpack. However, when the 
wetness of the top 5 cm layer  o f  the snowpack increases t o  2% by 
volume, t h i s  top 5 cm snowlayer contr ibutes more than 90% o f  a l l  
the measured emissiov. 

I t  i s  shown 
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P MODEL DESCRIBING M E  MICROWAVE EHISSION 
FROM A MULTI-LAYER SNOHPACK AT 37 GHz 

M. Abdelrazik 
Remote Sensing Laboratory 

Lawrence, Kansas 66045 
Un ivers i ty  of Kansas Center f o r  Research. Inc. 

ABSTRACT 

I n  t h i s  study a mu l t i - l aye r  emission model i s  described and appl ied 

t o  the measured emission f r o m  snow i n  an a t t e w t  t o  r e l a t e  the absorption 

and sca t te r ing  parameters o f  the snow inedium t o  i t s  density and wetness. 

The measured emission and ground t r u t h  data used i n  t h i s  analysis 

were those co l lec ted  dur ing a 24-hour diurnal  experiment conducted by 

S t i l e s  and Ulaby (1980) on 2/17 - 2/18/77 i n  Steamboat Springs, Colorado. 

The emission measurements were acquired a t  37 GHz and H-polar izat ion 

using a microwave radiometer mounted atop a truck-mounted boom. 

The Tinga e t  a l .  (1973) mixing formula i s  used to  ca lcu la te  the 

d i e l e c t r i c  constant o f  snow a t  37 G H r .  These values of the d i e l e c t r i c  

constant o f  snow along w i th  the mu l t i - l aye r  emission model a r e  used t o  

est imate the absorption and sca t te r ing  coe f f i c i en ts  o f  snow a t  37 GHz 

and t h e i r  dependence on wetness. 

c ien t  i s  comparable i n  value to  the absorption coe f f i c i en t  for  dry snow. 

I t  i s  found that the sca t te r ing  c o e f f i -  

However, the absorption c o e f f i c i e n t  increases l i n e a r l y  w i th  increasing 

snow aetne:s whi le the sca t te r ing  c o e f f i c i e n t  decreases l i n e a r l y  w i t h  

increasing wetness. 
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The estimated values of the sca t te r ing  and absorption c o e f f i c i e n t s  

are then used t o  ca lcu la te  the emission f r o m  each laye r  o f  the snow- 

pack throughout the d iurnal  experiment. 

the ground underneath the snowpack contr ibutes about 45% o f  a l l  measured 

emission whilc the r e s t  i s  due t o  emission f r o m  a l l  the layers w i t h i n  

the snowpack. However, when the wetness of the tup 5 cm l a y e r  o f  the 

snowpack increases t o  2% by volume, t h i s  top 5 cm snowlayer contr ibutes 

more than 90% o f  a l l  the measured emission. 

I t  i s  shown t h a t  f o r  dry snow, 

x i  v 



1 .O INTRODUCTION 

During the Minter o f  1977, an experimental program was conducted 

a t  a t e s t  s i t e  near Steamboat Springs, Colorado involv ing microwave 

measurements of snowpacks (S t i l es  and Ulaby, 1980). Among the inves- 

tigationsconducted was an experiment consist ing o f  a 37 GHz passive 

microwave measurement over a 24 hour diurnal  period. I n  conjunction 
/ 

with the microwave measurements, several snow parameters were recorded 

which include snow wetness, snow thermometric temperature and snow 

density a t  several depths i n  the snowpack. 

The purpose of t h i s  study i s  t o  apply a mul t i - layer  emission 

model t o  the measured emission from snow i n  an attempt t o  r e l a t e  the 

absorption and scat ter ing parameters o f  the snow medium t o  density 

and wetness. 
3 

Chapter/ covers a b r i e f  descr ipt ion of the diurnal  experiment 

reported by S t i l es  and Ulaby (1980) and reviews r e l e v m t  resu l ts  

obtained i n  other parts o f  the same iwes t iga t i on .  

The development and applications o f  the microwave emission 

model are given i n  Chapter 4. Results estimated by the d i f f e ren t  

models f o r  the scat ter ing and absorption coef f i c ien ts  o f  snow a t  

37 GHz are  shown. 

I n  Chapter 5 ,  an evaluation o f  the d i f f e ren t  models which 

were developed i s  shown. 

sorption coef f i c ien ts  estimated i n  t h i s  study and those reported 

A comparison between scat ter ing and ab- 

i n  the l i t e r a t u r e  i s  also provided. 

F ina l l y  Chapter 6 sumnarizes the f indings o f  t h i s  study and 

the errors involved i n  the development and aopl icat ion o f  the model. 

1 



2.0 DIELECTRIC PROPERTIES OF SNOW 

Snow i s  a mixture of ice, water and a i r .  The absorption, emission 

and sca t te r i ng  o f  an electromagnetic wave by snow are governed by the 

geometrical and e l e c t r i c a l  ( d i e l e c t r i c )  p roper t ies  o f  the snow medium. 

The r e l a t i v e  d i e l e c t r i c  constant of snow, K,. i s  i n  general func t ion  

o f :  

(a)  Microwave frequency; 

(b) Percentage volume o f  ice; 

:c) Percentage volume o f  a i r ;  

(d)  

(e) Snow thermometric temperature; 

(f) 

(9)  Presence o f  i m u r i t i e s .  

?ercentage volume o f  f r e e  water; 

Crystal s i ze  and s t ruc tu re  o f  the snow nedium; and 

As w i l l  be seen i n  the next sections, the percentage o f  f r e e  water 

i n  a volume of snow has the strongest e f f e c t  o f  a l l  o f  the above para- 

meters on the value of KS. 

i c e  which const i tu te ,  along w i t h  a i r ,  the snow medium w i l l  be examined 

f i r s t ,  fol lowed by an examination o f  the d i e l e c t r i c  and a t tenuat ion  

propert ies o f  dry and wet  snow a t  37 GHz. 

The d i e l e c t r i c  propert ies o f  water and 

2.1 D i e l e c t r i c  -- ProDerties o f  Water 

The d i e i e c t r i c  constant o f  water i n  the microwave region i s  

governed by the k b y e  equation: 

- K  0 

1 - j 2 R T f  2nK0 f 
- t j- t Kdc 9 Kw = K m  

2 



where 

\ = Complex r e l a t  

KJ - jK;; 
K 9 = Opt ica l  l i m i t  

ve d i e l e c t r i c  constant o f  water, \ = 

o f  d i e l e c t r i c  constant 

Kdc = S t a t i c  l i m i t  o f  d i e l e c t r i c  constant 

T = Relaxation t i m e  of the water molecule d ipo le  

KO = P e r m i t t i v i t y  o f  free mace 

o = Ion i c  conduct iv i t y  

f = frequency i n  Hertz 

The rea l  and imaqinary par ts  r e s u l t i n g  from the previous equat icn are  

(2-2a) 

(2-2b) 

The Debye equation shows a s ing le  resonance phenomena a t  the re lax -  

a t i o n  frequency f o  given by: 

1 
fo = 2aT (2-3) 

The re laxa t i on  frequency i s  temperature dependent as shown i n  Table 2-1 

and i s  located i n  the microwave region. 

equations for  d i e l e c t r i c  constant are 

The l i m i t i n g  values on the 
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TABLE 2-1 

10 

20 

Relaxation Frequency o f  Water fo a t  
Di f ferent  Temperatures (Royer , 1973) 

11.7 

15.8 

4 



Kdc for f<<fo (2-4a) 

q I ( K ~ ~  - K ~ )  ( k f )  for f<<fo (2-4b) 

for f>>fo  ( 2-5a) m 
K i  K 

K; f~~~ - K ) / ( h T f )  for f>>fo  (2-5b)  
;o 

Figures 2.1 and 2.2 show the real and imaginary pa r t s  of the dielectric 

constant of water as a function of frequency and for different water 

teweratures . 
regression f i t s  t o  obtain the values of KA and K i  f o r  several experi- 

mer,ters' da ta .  

I t  is seen t h a t  water i s  a very lossy mnJium throughout the microwave 

region. 

(fo! i s  located i n  the microwave regior.. 
4 4 a t  37 GHz is between 1.5 x 10 dB/meter and 2.0 x 10 dB/meter depend- 

i n g  on the temperature of the water. 

of water i s  much l a y e r  t h a n  those of ice and a i r ,  small amounts of 

free water appearinq i n  a snow medium can drastically a l te r  the real 

and imaginary p a r t s  of the dielectric constant of snow and therefore 

change i t s  emissidn, scatter and attenuation behavior. 

These curves were cal cul a ted by Royer ( 1973) using 

The rate of attenuation i n  water i s  shown in Figure 2-3. 

This loss i s  due to the fact  t h a t  the relaxation frequency 

The attenuation of water 

Because the dielectric constant 

2.2 Dielectric Prooerties of Ice 

The dielectric ccnstant of ice, l ike water, i s  governed by the 

Debye Equat ion  2-1.  

and  therefore n o t  as mobile as those of free water. This results 

in a relaxation frequency for ice t h a t  i s  much lower t h a n  t h a t  of water 

However tne water molecules i n  ice are bound, 

5 
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Figure 2-1 Relat ive  Permi t t iv i ty  o f  Water a t  T = 0" C and 
T = 20" C Using Debye Equation (Royer, 1973). 
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and i s  o f  the order of 10 KHz (Evans, 1965). The opt ica l  l i m i t  i s  

therefore eas i ly  s a t i s f i e d  f o r  the Debye equation and the rea l  and imaginary 

parts o f  the d i e l e c t r i c  constant o f  i c e  are given by equations (2-5a) 

and (2-5b). 

Measurements up t o  183 GHz ind icate t h a t  the rea l  par t  o f  the 

d i e l e c t r i c  constant o f  i c e  i s  approximately 3.17 i n  the microwave 

region and i s  independent o f  frequency and temperature as shown i n  

Figure 2-4 (Evans, 1965). 

ture dependent a t  a frequency o f  10 GHz showing a sharp i n  

O°C (Lamb and Turney, 1949). 

o f  i c e  are shown i n  Figilre 2-4. Above 24 GHz, the d i e l e c t r i c  constant 

measurements f o r  i c e  are l i m i t e d  t o  the resu l ts  o f  Perry and Stra i ton 

(1972). Table 2-2 shows t h e i r  resul ts  a t  35.3 GHz. These d,tta are sus- 

pected t o  be i n  e r ro r  (Gough, 1972) since they are anomalously d i f fe ren t  

from both lower and higher frequency data. However H a l l i k a i n c i  (1977) 

used the resul ts  shown f o r  the loss tangent i n  Figure 2-4 t o  calculate 

an average value f o r  the loss fac to r  o f  i c e  as a function o f  frequency. 

His resu l ts  are shown i n  Figure 2-5. 

The imaginary p a r t  was found Lo h~ tempera- 

e near 

Measurements o f  the d ie lect r i l  ,,alstant 

The ra to  o f  attenuation o f  tap-water i c e  i n  dB f o r  d i f f e r e n t  

i c e  thickness a t  35.3 GHz was also reported by Perry and Stra i ton 

(1972) and i s  shown i n  Figure 2-6. 

2.3 D ie lec t r i c  Rixing Formulas 

Since snow i s  a mixture o f  ice, water and a i r ,  the varying 

volumetric propert ies o f  these components i n  snow make the d i e l e c t r i c  

propert ies o f  snow d i f f i c u l t  t o  examine. 

of snow i s  a s ign i f i can t  factor i n  determining i t s  d i e i e c t r i c  propert ies. 

I n  addition, the s t ructure 

9 
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i t  has the further useful p m w r t y  that  the 

4 values p lo t ted a r b i t r a r i l y  a t  1,000 tis\.. the relaxation 
f rCQUOnCY. 

density 0.9;g/cm3. 

density 0.90g/cm . 

Figure 2-4 Zielectric Properties o f  Ice (Evans, 1965), 
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TABLE 2-2 
Relative Dielectric Constants o f  Ice a t  35.3 GHz 

as Reported by Perry and Straiton, (1972) 

- 
tan 6 Ice Source k; k i  

- 
11.91 f 0.03 <4 <2.1 

1.89 t 0.03 1.14 x 10-1 6.03 x 10" 

Deionized H20 

T C  H O  
aP 2 
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Figure 2-5 Loss Factor o f  Fresh Water Ice as a Function of 
Frequency (Hal 1 i kainen , 197?). 
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Figure 2-6 Attenuation Curve (fap-Water I c e )  a t  
35.3 GHz (Perry and Strai ton,  1972). 
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Table 2-3 shows several mixing formulas t h a t  have been proposed t o  

ca lcu late the d i e l e c t r i c  constant of a mixture consibt ing o f  two com- 

ponents (Poe, 1971; Sweeny and Colbeck, 1974; Tinga e t  a l . ,  1973). 

The form number F, used i n  the f i r s t  f i v e  formulas accounts fo r  

s t ruc tu re  i n  the d i e l e c t r i c  medium. The numerical va;ues o f  the form 

number can vary from F = 0 ( v e r t i c a l  p a r t i c l e s ) ,  t o  F = 2 (spher ica l  

particFPs), t o  i n f i n i t y  ( f o r  elongated hor izon ta l  p a r t i c l e s ) .  

o f  F f o r  f resh ly  f a l l e n  snow are normally between 2 and 10 (Evans, 

1965). Edgerton e t  a l .  (1971) used a form number of F = 37 t o  get 

the best f i t  f o r  t h e i r  data f o r  wet snow using the Weiner mixing formula. 

The mixing formulas general ly show no dependence on frequency; 

IC. 
Values 

however, as the wavelength of i n t e r e s t  approaches the order o f  the 

Snow c rys ta l  Size, Scat ter ing ef fects may become s i g n i f i c a n t  and the 

form number may requi re d i f fe ren t  values as a funct ion o f  frequency. 

The wavelength a t  the desired frequency o f  37 GHz i s  0.81 cn! which 

i s  of t!w Order O f  Snow c rys ta l  size; scat ter ing,  therefore,  my 

hecome s i  gni f i  cant. 

The f i r s t  f i v e  mixing formulas were used t o  f i t  d i e l e c t r i c  

constant data f o r  snow below 10 GHz 

to  have worked s a t i s f a c t o r i l y .  

snow d i e l e c t r i c  cms tan t  were conducted above 10 GHz, the mixing fo r rd las  

(Evans, 1965) and were reported 

However, since few measurements o f  

data f o r  wet o r  d ry  snow a t  o r  near the desired were never used t o  f i t  any 

frequency of 37 GHz. 

The Tinga e t  a l .  m i x  

t r i c  constant o f  snow from 

a t  5 GHz and 37 G H z  ( T i u r i  

ng formula was used t o  determine the d ie lec-  

the d i e l e c t r i c  proper t ies o f  i ce  and w a t e r  

and Schultz. 1980). The calculated values 

14 



TABLE 2-3 

Mixins Formulas 

Weiner (!be, 1971) 

where 

p = Volumetrfc Fractict i  d f  Ice 

ko = D ie lec t r i c  constant o i  a i r  

ki = D ie lec t r i c  constant of i c e  

i 

kds = D ie lec t r i c  constant o f  dry snow 

F = Form tiumber 

Bottcher (Poe, 1971) 

ki - ko kds - ko - - 
kds ’i ki + 2 kds 

Wet Snow (Weiner) (Poe, 1971) 

where 

= D ie lec t r i c  constant of  w e t  snolrl k W S  

kw = D ie lec t r i c  constant of  b u l k  water 

= Volumetric f rac t ion  of  water 
pW 

1 5  
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Pierce (Poe, 1971) 

deLoor (Sweeny and Col beck, 1974) 

3 1 P W  
kws = kds + 3- (kw 

where 

kn = D i e l e c t r i c  constant o f  bound water 

*J = P a r t i c l e  Depolar izat ion f a c t o r  fo r  each 
of the three major axes (Sweeney and Colbeck, 
1974) 

Tinga e t  31. (1973) 

(kw-ki)(Pkw+l)] 
-. + 1  

but 
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where 

kw = Dielectric constant o f  water 

ki = Dielectrjc constant of ice 

R i  = Radius o f  ice particle 

= Radius o f  water covered ice particle 
RH 

= Weight percentage of liquid water contained 

= Density o f  snow 

in snow 

OS 

1 7  



o f  the d i e l e c t r i c  constant o f  snow were used t o  ca lcu la te  the br ightness 

temperature o f  snow using a r a d i a t i v e  t ransfer  model and assuming the 

snow t o  consis t  o f  spher ical  i c e  p a r t i c l e s  i n  a i r  fo r  dry snow. det  

snow was assumed t o  consis t  o f  the same i c e  spheres w i t h  a th in  water 

she l l  surrounding them. 

constants of snow fo r  the d i f fe ren t  snow wetnesses. The densi ty  and 

temperature of the snow were measured bu t  the wetness and p a r t i c l e  

s ize  have been selected f o r  best ca lcu lated fit. I t  can be seen t h a t  

a r e l a t i v e l y  good f i t  has been achieved f o r  a l l  cases. 

Figure 2-7 shows the ca lcu lated d i e l e c t r i c  

2.4 D i e l e c t r i c  Constant o f  Drv Snow 

Dry snow i s  a mixture o f  i c e  and a i r .  Therefore, i t s  response 

t o  temperature and frequency i s  s im i la r  t o  t h a t  o f  i ce .  However i f  

the wavelength i s  o f  the order o f  the snow c rys ta l  s ize,  sca t te r ing  

may cause a frequency dependence i n  snow. 

ated w i t h  measuring the d i e l e c t r i c  constant o f  snow wh i le  maintaining 

the environment constant dur ing the measurement, on ly  one se t  of d ie lec-  

t r i c  constant measurements o f  snow above 10 GHz i s  reported. 

2-4 shows the r e s u l t s  o f  the experiments conducted by Edgerton e t  

a l .  (1971) a t  37 GHt f o r  d ry  snow. 

an el l ipsometer t o  measure the r e f l e c t i o n  c o e f f i c i e n t .  

Due t o  the d i f f i c u l t y  associ- 

Table 

These measurements were made using 

2.5 D i e l e c t r i c  Constant of Vet Snow 

Due t o  the I i iqh values o f  the d i e l e c t r i c  constant of water, small 

amounts o f  water can s i g n i f i c a n t l y  change the d i e l e c t r i c  constant o f  

snow. The lack o f  a good method t o  measure the wetness of snow along 

w i t h  the d i f f i c u i  t y  i n  keeoinq the environment constant dur ing measurements 

18 
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Figure 2-7 Measured and Calculated Brightness Temperatures o f  a 
?8 cm Thick Snow F i e l d  i n  the Morning and i n  the  Af te r -  
noon. 
The Wetness anu P a r t i c l e  Size have been Selected f o r  
Best F i t  ( T i u r i  and Schultz, 1980). 

The Denci ty  and Temperature of Snow Were Known. 
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TABLE 2-4 

k; 

2.77* 

1.9 

D i e l e c t r i c  Constant o f  Dry Snow a t  
37 GHz as Reported by 

Edgerton e t  a l .  (1971) 

k i  Temperature Density 
" C  Units Grain Size (mm) 

< 0.03 - 2  0.5 1.2 

< 0.03 -1 0 0.5 0.5 I 
I 

* 
The high v3lues were explained a s  resu l t ing  from d i f f i c u l t y  i n  sample 

preparation. 

20 



make d i e l e c t r i c  constant measurements o f  wet snow d i f f i c u l t  f:, obtain.  

Measurements o f  d i e l e c t r i c  constant o f  wet snow above 10 GHz are  nonexis- 

tent .  Therefore, there i s  no data f o r  the d i e l e c t r i c  c m s t a n t  o f  snow 

o f  any wetness a t  o r  near the desired frequency o f  37 GHz. 

2.6 Attenuation Through Snow 

The absorption coe f f i c i en t  f o r  a lossy medium i s  given by: 

2 1/2 
a a a  = !$ [ (1 + (t ) ) -11 I '" (2-6) 

However, experimental evidence ind ica tes  t h a t  f o r  wet and dry  snow: 

This reduces equation (2-6) to :  

"K; 
a = -  

a A &  

where 

a = F i e l d  absorpt ion coe f f i c i en t ,  nep/m a 
h = Wavelength (meters) 

Ks = K; - j Kg 

= Complex d i e l e c t r i c  constant o f  snow 

Attenuat ion ra tes  i n  dB/m are given by: 

L = 20 loglo ( ) = -8.68aa (2-9) 
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Power loss measurements m d e  through a l a y e r  of snow are composed o f  

two parts,  mismatch loss  and at tenuat ion loss. 

measurements are conducted w i t h  coherent transmission, the two types 

of l oss  cannot be seoarated because of the interference e f f e c t s  caused 

by m u l t i o l e  r e f l e c t i o n s .  

I f  the power loss  

L i n l o r  (1980) measilre! the r a t e  of a t tenuat ion i n  dB/cm as a 

func t ion  of snow wetness and a t  selected frequencies between 4 and 

1 2  GHz using phase s h i f t  and transmission loss measurements through 

two i d e n t i c a l  containers. One o f  the containers was empty and used 

as the reference u n i t  and the other  was f i l l e d  w i t h  the snow samp'ie. 

Figures 2-8 and 2-9 show the r e s u l t s  of h i s  experiment. These at ten-  

uat ion curves were p l o t t e d  usina an emDirica1 r e l a t i o n  

L i n l o r  (1980) anL given as: 

Attenuation(dB/cm) = :dv 0.045(f-4) + 0.066 I 
where 

de r i  veil by 

(2-1 0) 

MY = Percentage wetness by volume 

f = frequency i n  GHz 

Notice the increase i n  at tenuat ion w i t h  increasing snow wetness and 

increasing frequency. 

dry  snow (zero wetness) !s zero. 

not  the case but  the at tenuat ion was less than 1 d3 3nd so could not  

be measured using the avai lab le neajur ing instruments. 

Figure 2-8 shows t h a t  the at tenuat ion through 

This, according t o  the author, i s  

The Tinga e t  a l ,  (1973) mixing formula along w i t h  Equation (2-8) 

are used t o  ca lcu la te  t'le at tenuat ion througk snow as  a funct ion of  i t s  

rvetness a t  37 G H t ,  18 GHz and 1 2  GHz, f o r  snow wi th  a densi ty of  0.21 q/cm , 
3 
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Figure 2-8 Variation o f  Attenuation with Snow Wetness a t  Selected 
Frequencies (Linlor, 1980). 

4 6 6 10 12 
FR EOUENCY (GHZ) 

Figure 2-9 Variation o f  Attenuation with Frequency a t  Selected 
Snow Gletness ( L i  nl or, 1980). 
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Figure 2-10 shows the resu l t s  o f  t h i s  ca lcu lat ion.  As seen by the f igure,  

there i s  an increase i n  at tenuat ion w i t h  increasing wetness o f  the 

snow and w i t h  increasing frequency. However, a t  12 GHz,  the attenua- 

t i o n  s t a r t s  t o  saturate a t  a percentage wetness, Mv, o f  3%. 

Figure 2-11, the at tenuat icn i n  Nep/cm i s  p lo t ted  as a func t ion  o f  Mv 

a t  12 G H t  using both Equation (2-10) o f  L i n l o r  (1980) and the Tinga 

e t  a l .  (1973) mixing formula. 

obtained by the mixing formula dre higker i n  value than those obtained 

by L i n l o r ' s  empir ical  formula for  oercentage wetness by volume o f  

snow t h a t  are less than Mv = 2.75. 

I n  

It i s  seen t h a t  the at tenuat ion values 

Bat t les  and Crane (1965, 1965) used in ter ferometry  techniques 

t o  measure loss from a r t i f i c i a l l y  created snow. 

t h e i r  resu l t s  i n  dB/ft  as a funct ion o f  snow temperature a t  35.2 

GHz. The loss shows a slow increase w i t h  increasing temperature 

u n t i l  the temperature nears the mel t ing point .  Near 32' F, the 

mel t ing po in t  of ice, a sharp increase i n  loss  through snow i s  seen 

which i s  due t o  the appearance o f  moisture i n  che s ; m .  Table 2-5 shows 

the rest11 t s  of another experiment reported by Rat t les  and Crane (1966), 

i n  which loss  from d i f fe ren t  types o f  snow i s  reported a t  35.26 G H t .  

The higher losses for  l o c a l l y  packed and i c e  c rys ta l  cases were explained 

t o  be the r e s u l t  of sca t te r ing  o f  the wave by the snow crys ta ls .  

Figure 2-12 shows 

Curr ie e t  a l .  (1977) made measurements using a pulsed radar 

operating a t  35 GHz. Their loss measurements were ca lcu lated by 

comparing the re tu rn  from a corner r e f l e c t o r  placed below the snow 

layer  w i th  the re tu rn  measured from the same corner r e f l c c t o r  placed 

above the snowiayer. Table 2-6 shows t h e i r  resu l ts .  The loss measure- 
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Figure 2-11 The Attenuation Through Snow as a Function o f  i t s  Wetness 
as Calculated by L i n l o r ' s  (1980) Empirical Formula and 
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Figure 2-12 Absorption of Radiation by SnorJ a s  a Function o f  Temper- 
a tu re  (Bat t les  and Crane, 1965) .  



TABLE 2-5 

Thickness 
( cm) 

14.0 

14.0 

14.0 

14.0 

5.1 

Loss Caused by Snow and Ice a t  35.26 G H t  
(Batt les and Crane, 1966) 

Dens i t y  
q/cm’ 

0.2 

0.33 

0.39 

0.47 

0.92 

- Type 

Fine, 1 oose snow 

Locally packed loose snow 

Large i c e  crystals 

Packed snow I Ice 

Loss 
(dB) 

2.5 

7.2 

9.2 

1.4 

1.2 



TABLE 2-6 

Loss Measurements a t  35 GHz 
(Curr ie e t  a1 . , 1377) 

Snaw Condition 

Wet Snow Crust 

Dry Snow C r u s t  

Dry Snow Crust 

Dry Snow Crust 

Layer Thickness (cm) 

3.5 

4.6 

5.0 

3.5 

Loss (dB1 

11 

21 

5 

2 - 
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ments are due t o  both mismatch and at tenuat ion losses and, therefore, 

an at tenuat ion c o e f f i c i e n t  cannot be cal  cu l  a ted . 
S t i l e s  and Ulaby (1980) measured path loss a t  35 GHz as a func- 

t i o n  o f  depth f o r  three snow condit ions using transmission techniques. 

Figure 2-13 shows t h e i r  r e s u l t s  i n  d6 as a func t ion  o f  snow depth. 

S t i l e s  and Ulaby ( 980) a lso  calculated the emiss i v i t y  o f  snow 

a t  37 GHz as a funct ion o f  the angle o f  incidence o f  the radiometer 

r e l a t i v e  t o  nadir.  

bel  ow 

The emiss i v i t y  € (e)  was ca lcu la ted  using the equation 

(2-11) 

where 

= Apparent temperature o f  snow measured by radiometer; 
l a p  

OK 

TSky = Sky brightness temperature; OK 

To = Physical temperature o f  :?OW; OK 

S t i l e s  and Ulaby (1980) developed a simple emission model f o r  a hom- 

genous layer  of snow and the ground underneath it, and were able t o  

fit t h e i r  emiss iv i ty  data calculated using the p r e v i w s  equation t o  

the fo l l ow ing  equation developed by t h e i r  model for  em iss i v i t y  as 

a funct ion o f  the angle o f  incidence e: 

= A + Exp (-.; Sec o M) (2-12) 
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where A and 13 represent the constant terms ins ide  the parenthesis and 

Snow-air power transmission c o e f f i c i e n t  

Ground-snow power transmission c n e f f i c i e n t  

Snow absorption c o e f f i c i e n t  (nep/cm) 

Snow e x t i n c t i o n  c o e f f i c i e n t  (nep/cm) 

(Ka + K s )  

-1 2 Mass e x t i n c t i o n  c o e f f i c i e n t  of snow (nep g 

Snow scat te r ing  c o e f f i c i e n t  (nep/cm) 

Snow water equivalent, cm 

Angle o f  incidence, r e l a t i v e  t o  nad i r  (degrees). 

cn ) 

Figure 2-14 shows a p l o t  of measured radiometr ic emiss iv i ty  f o r  d ry  

snow a t  37 GHz and f o r  e = 27' and 57' as a func t ion  o f  the wr te r  

equivalent W of snow. 

(2-12) t o  f i t  the emiss iv i ty  data are a lso shown. 

and B estimated by regression analys is  t o  Droduce the best f i t s  a re  

shown i n  Figure 2-14 and Table 2-7. 

t h a t  a t  e = 27': 

The best f i t  curves obtained using Equation 

The values o f  A 

From these values i t  i s  seen 

h 

f - -  a - 0.517 (2-1 3a) 
e sa K 

a 
'sa '9s sa Ke 

K 

- T - = 0.481 (2-1 3b) 

K '  sec 27' = 3.0235 (2-1 3 ~ )  e 

Assuming T~~ = 0.99, for  the snow densi ty  measured dur ing the exper i -  

ment (0.41 g/cm ), the above three equations are used t o  ca lcu la te  K ~ ,  
3 
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Figure 2-14 Measured Radiometric Emissivity Response t o  Dry Snow Water 
Equivalent a t  37 GHz ( S t i l e s  and Ulaby, 1980). 
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TABLE 2-7 

Values of A, B ,  K&, K a  and KS Generated by Fitting 
the Experimental Values of E a t  37 G H t  to Equation 2-11: 

(Stiles and Ulaby, 1980) 

E = Calculated f rom best f i t  eq. 2-12. 
C 

*Maximum Error = - E,,,/; 

= Measured (equatior, 2-1 1 ). EM 
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K and K~ for snciw a t  e = 27'. The results of the calculations are 

shown in Table 2-7. Similar calculations are carried o u t  for e = 57" 

and the values obtained are also shown in Table 2-7. 

S 

Attenuation rates for snow were calculated u s i n g  the temperature 

measurements of a snow layer of known thickness over a metal plate 

(Hofer and Platzler, 1980). 

using two simple models proposed by Hofer and Matzler (1980). 

model included the effects of multiple reflections b u t  neglected inter-  

ference effects,  whereas the second model was a radiative transfer 

model which included volume scatterinq cS and absorption K~ Figure 

2-15 and 2-16 show the results. K~ i s  t.he power damping coefficient 

which combines the effects of absorption and scattering and i s  given 

by (Hofer and Matzler, 1980): 

The attenuation rates were calculated 

The f i rs t  

K 2  = + 2 + 2 r <  a a s  (2-14) 

I C ~  i s  the power attenuation coefficient calculated using the f i r s t  

model. 

of 1 t o  3 percent by volume exhibited power damping coefficients 

greater t h a n  30 dB/meter a t  36 GHz. 

Hofer and Matzler (1980) reported moist snow with wetness 
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3.0 EXPERIMENT DESCRIPTION AND RESULTS 

This chapter provides a descr ip t ion  of the microwave d iu rna l  

experiment conducted by S t i l e s  and Ulaby (1980) on 2/17 - 2/18/77 

and on which t h i s  study is based. The f i r s t  sect ion gives a b r i e f  

descr ip t ion o f  the sensor used, t e s t  s i t e  and the d i f f e r e n t  microwave 

and ground t r u t h  experiments conducted. 

i l l u s t r a t e  the r e s u l t s  o f  the experiment. 

Later  sections o f  the chapter 

3.1 Descr ipt ion o f  the Microwave Radiometer and Ground Truth Data 

A microwave radiometer was mounted atop a truck-mounted boom and 
* D-f 

ured t o  acquire fppp/lent temperature ( T  ) data a t  a t e s t  s i t e  near 
*P 

Steamboat Springs, Colorado. The radiometer med dur ing the e x r e r i -  

ment was a dual-polar ized Dicke type manufactured by Aerojet  General 

Corporation. 

a s e n s i t i v i t y  o f  0.5'K, an accuracy o f  1°K and operated over a temper- 

a ture range of 0-50CI0K. The r3diometer had an 3pproximate gain o f  

0.010 vol ts/K and used an automatic gain Cor~LrOl mechanism. 

t i o n  o f  the radiometer was conducted a t  the Un ivers i ty  o f  Kansas a f t e r  

completion o f  the experiment ( S t i l e s  and Ulaby, 

I t  cperated a t  37 GHz, had a bandwidth o f  300 Wz, 

Cal ibra- 

,30). 

The t e s t  s i t e  chosen f o r  the experiment was a 40-acre h a y f i e l d  

near Steamboat Springs. 

was covered w i t h  c lose-cut hay, approximately 6 cm i n  height.  

pack approximately 30 cm i n  depth lay on the surface of the f i e l d  

dur ing the 2/17 - 2/18/77 d iurnal  experiment. 

The surface o f  the f i e l d  was very f l a t  and 

A snow- 

The d iu rna l  experiment consisted o f  ccntinuous data acqu is i t i on  

over a 28-hour per iod commencing a t  6:OO AM on 2/17/i7. T data 
aP 
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was acquired a t  37 G K i  a t  both the horizontal and vertical polariza- 

tions and a t  Oo, 20' and 50' angles of incidence. Ground t r u t h  

data were gathered i n  a snow p i t  on the test si te and included measure- 

ments of snow density profiles, snow wetness profiles, snow temperature 

profiles along w i t h  soil  moisture samples and soi l  temperature i n  

&t 

hoorly intervals except for the snow wetness measurmnts which requi red  

a s l i gh t ly  longer duration. Snow density profiles were obtained by 

taking horizontal c3res from each layer i n  the snowpack. Snow wet- 

ness was measured wi,l  a freezing calorimeter a t  5 cm intervals ver- 

t ical ly  throughout the snowpack. Snow temperature was measured 

using a d i g i t a l  thermometer and was monitored a t  2 cm intervals ver- 

t i ca l ly  throughout tne snowpack. Since water equivalent i s  the total  

amount of water cortained i n  the form of snow per u n i t  area, i t  is  

calculated as the product of density and depth o f  each snow layer. 

Results o f  T aP 
(Stiles and Ulaby, 1980). 

.D 5 cm of the soi 1. These measurements were obtained a t  

and ground t r u t h  measurements are discussed below 

3.2 DiurRal Variation of T, a t  37 GHz 

aP 
data obtained a t  37 GHz i n  the hc. izontal Colarization mde, only the 

horizontal polarization data are i1lL;trated here. Figure 3-1 shows 

the apparent temperature 

the diurnal experiment. Notice the increase i n  T star t ing a t  

1000 hours and ending a t  2200 hours. 

the appearance o f  water i n  the snowpack as a resl;lt of warmer snow 

Since the model developed l a t e r  i n  this paper uses only the T 

response a t  9 = Oo, k c o  and 50' throughout 

aP 

lap 

Th i s  increzse i n  T Ss due to  aP 
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temperatures. Notice also the l i t t l e  difference between the T response 

a t  e = 0' and 20'. Figure 3.2 shows the snow wetness i n  ind iv idual  

5 cm layers i n  the top 15 cm o f  snow as a funct ion o f  time. 

paring Figures 3-1 and 3-2 one notices tha t  T 

M,,(0-5 cm), the percentage wetness by volume o f  the snow i n  the top 

5 cm o f  the snowpack, by about two hours. T 

and decreases as the snow s ta r t s  t o  m e l t  and refreeze respectively. 

aP 

By com- 

i s  shown t o  l a g  behind 
aP 

exhib i ts  sharp increases 
aP 

3.3 Ground Truth Diurnal Variat ions 

As mentioned i n  the sect ion above, f igure  3-2 shows the wetness 

M,, o f  the snowpack a t  the depths o f  0-5 cm, 5-10 cm and 10-15 cm 

f r o m  the snow surface. 

frozen throughout the experiment and showed no wetness. MY i s  

defined as the volume percentage o f  l i q u i d  water contained i n  a 

unit  volume o f  snow. 

The snowpack a t  depths lower than 15 cm was 

Snow thermometric temperatures measured every 2 cm from the top 

o f  the snowpack t o  a depth o f  5 cm below the s o i l  surface were used 

t o  generate the average values shown i n  Table 3-1. I n  t h i s  table, 

the snow thermometric temperatures are averaged t o  give an average 

temperature f o r  the snow every 5 cm from the snow surface. 

shows 21 d i f f e r e n t  data sets representing snow thermometric temperatures 

throughout the diurnal  experiment. 

show the snow thermometric temperature along w i th  the snow wetness 

a t  in terva ls  o f  5 cm o f  snow and a t  the hours o f  5:30, 10:00, 18:OO 

and 6:45 respectively. Notice tha t  as the snow s ta r t s  get t ing warm 

and s ta r t s  melting, i t  warms up f i r s t  a t  the surface layer  of snow 

and then the lower layers o f  the snow begin t o  warm up. 

Table 3-1 

Figures 3-3, 3-4, 3-5 and 3-6 

Later i n  

41 



0 
E a 
v) al 

E u 
0 
<cI 
I 

E s 

E u 

E u 
E u 

E 
V 
Ln 
d 

M 

M 
N 

e 
d 

c 
w- 
c, 
VI 
Y 

c 
m 
ce 
0 

N 
I 

pr) 

42 



TABLE 3-1 

Snow Thermometric Temperature i n  OK f o r  D i f f e r e n t  Depths 
Within t k -  Snowpack on 2/17/77 - 2/18/77. 

(,biles apd Ulaby, 1980) 

Time 

0530 

0830 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

1700 

1800 

1900 

2000 

21 00 

2200 

01 00 

0400 

061 5 

0645 

0745 

0820 

- 0-5 cm 

267.9 

270.8 

273.8 

274.0 

274.0 

274.0 

274.1 

274 .O 

274 .O 

273.7 

273.4 

273.2 

273.1 

272 .O 

271.1 

267 -8 

262.3 

260.0 

259.8 

262.9 

266.1 I 
43 

267.2 

269.5 

272.5 

272- 3 

273.3 

273.3 

273.4 

273.4 

273.4 

273.4 

273.3 

273.2 

273.1 

273.0 

273 .O 

270.1 

264.4 

263.6 

263.5 

262.7 

264.4 

10-15 cm I 
268.1 

269.5 

271.4 

271.8 

272.6 

272.8 

27?.2 

273.3 

273.3 

272.2 

L 

273.1 

273.1 

273.0 
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the day as the surface l a y e r  becomes very wet, the  lower layers  warm 

up t o  almost the same temperature as the  top 5 cm snow l a y e r  as shown i n  

Figure 3-5. 

and the snow s t a r t s  d ry ing  up i n  moisture, the  top 5 cm l a y e r  s t a r t s  

decreasing i n  temperature f i r s t  fo l lowed by the lower snow layers.  

Therefore, the re f reez ing  process s ta r t s ,  l i k e  the mel t ing  process, 

from the snow surface down t o  the lower layers  o f  snow. 

%ow densi ty was measured f o r  each physical 

S i m i l a r l y  a t  the re f reez ing  stage a f t e r  the sun goes down 

laye r  from the top o f  the snowpack down t o  the s o i l  surface. 

average densi ty was found t o  be 0.21 g/cm and d i d  no t  change s ign i f -  

i c a n t l y  a t  d i f f e r e n t  depths i n  the snowpack o r  w i t h  time throughout 

the d iu rna l  experiment. Therefore, the water equivalent o f  the t o t a l  

snowpack d i d  no t  change and was measured t o  be 6.3 cm throughout the  

e n t i r e  experiment. Also, the snow depth remained constant a t  30 cm. 

The 
3 

3.4 Wetness Response 

Figures 3-7, 3-8 and 3-9 i l l u s t r a t e  the response o f  Tao t o  snow 

aP 
wetness o f  the top 5 cm laye r  a t  e = O o ,  20' and 50' respect ively.  

i s  shswn t o  e x h i b i t  a hys te res i s - l i ke  pattern.  

pa t te rn  i s  due t o  the f a c t  t h a t  as the snow gets wet, the  microwrve 

radiometer operatina a t  37 GHz becomes sens i t i ve  t o  a snow depth t h a t  

i s  smaller than the top 5 cm laye r  o f  the snow from which the snow wetness 

measurement was obtained. 

t i v e  dhen the snow i s  wet depends on the penetrat ion depth of  the wave 

i n  the wet snow layer .  

i s  the average wetness of the t o p  5 cm o f  snow. The wetness values f o r  

T 

This hys te res i s - l i ke  

The snow depth t o  which the sensor i s  sensi- 

I n  other words, the snow wetness a c t u a l l y  measured 
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the top 5 cm snow layer therefore gives a value of wetness that is 

sral ler  t h a n  the actual wetness of the snow depth t which the sensor 

i s  sensitive a t  the melting stage and a laraer vallre of wetness F t  

the refreezing stage. This causes the T 

me l t ing  stage and t o  lag behind i t  i n  the refreezing stage which is  

shown i n  Figure 3-! and is the cause of the hysteresis effect. 

response to lead Mv i n  the aP 

3.5 Depth Response 

Sti les and Ulaby (1980) conducted an experiment i n  which they 

measured T 
a p  

o f  incidence. 

depth of 1?0 cm. Apparent tzmperature T shows an exponential-like 

decrease w i t h  increasing water equivaler,(;, as shown i n  Figure 3-10. 

a t  37 GHz for different snow depths and different angles 

The depth of snow was varied b;. p i l i n g  dry snow to a 

aP 

Data collected from an adjacent undisturbed snowpack shows values 

of Tap t h z t  are considerably lower t h a n  those from the snow pile.  

This i s  due t o  the presence of ice layers i n  the natural  snow zlnd 

t o  differences i n  layerinq and i n  the distribution of crystal sizes 

which contribute to a larger scattering loss a t  37 GHz and, therefore, 

1 over emission. 
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4.0 MULTILAYER E m s I o r i  MODEL DEVELOPMENT AND TESTING 

The re la t ionsh iD between the measured microwave data ( T  ) 
aP 

from a snowpack and the physicc'l and d i e l e c t r i c  parameters o f  the 

snowpack can be examined through the development of models t o  exp la in  

t h i s  re la t ionsh ip .  I n  the f i r s t  sect ion of t h i s  chapter, an emission 

model fo r  snow i s  developed i n  a more general form. La ter  sections 

o f  t h i s  chapter show the use of a mixing formu?a t o  ca lcu la te  the 

complex d i e l e c t r i c  constant of snow a t  37 GHz f o r  d i f f e r e n t  snow 

wetness. 

alonr) wi th  the d i f f e r e n i  forms o f  the emission model developed to  

estimate the absorption and sca t te r i ng  coe f f i c i en ts  of snow a t  37 GHz and 

t h e i r  dependence on snow wetness. 

along wi th  the snow model t o  estimate the values o f  T 

out the d iurnal  experiment. 

4.1 

Tho ca lcu lated complex d i e l e c t r i c  constant o f  snow i s  used 

These coe f f i c i en ts  are then used 

measured through- aF 

Levelopmnt o f  the Mu l t i l aye r  Emission Model fo r  Snow 

Consider a snowpack o f  he ight  d above the ground and cons is i ing  

of N d i f fe ren t  snow layers.  I t  i s  assumed that :  

(a) Each snow laye r  i n  the snowpack has a uni form thickness di 

cm, where i stand, f o r  the snow laye r  number from the soi: surface 

up t o  the snow surface. D i e l e c t r i c  and thermal proper t ies of each 

snow layer  a r e  assuined t o  be constant w i t h i n  the layer ,  

(b )  The surface o f  the snow and the s o i l  underw 

are smooth. 

( c )  Mu l t i o le  re f l ec t i ons  a t  layer  boundaries are 

(d )  The r a d i a t i o n  received by the radiometer i s  

a t  a given , ime. 

t h  the snovpack 

ignored. 

ncgherent. 
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(e) Since the radiometer used i n  the experiment was a ground 

based system, there i s  ne i the r  at tenuat ion nor emission betieen the 

surface o f  the snowpack and the radiometer. 

( f)  The snowpack i s  a layered sca t te r i ng  volume w i th  K~~ and 

K 

snow laye r  respect ively.  

t i n c t i o n  c o e f f i c i e n t  o f  the ith snow layer.  E x p l i c i t l y ,  d i f f u s e  sca t te r  

i s  ignored; however i t  i s  understood tha t  the above c o e f f i c i e n t s  are ef- 

f e c t i v e  values t h a t  a t  l e a s t  p a r t i a l l y  compensate f o r  t h i s  approximation. 

taken t o  be the absorption and sca t te r i nq  c o e f f i c i e n t s  o f  the ith s i  

K~~ i s  the sum o f  K~~ and K~~ and i s  the ex- 

The apparent temoerature measured by the radiometer a t  d i f f e r e n t  

angles o f  incidence 9 i s  given bv: 

( 9 )  = TB(3) + (3-1 1 aP 
where T i s  the brightness temperature due t o  emission from the 

snowpack and the ground underneath it, and TSc i s  the component o f  

the downward emitted sky r a d i a t i o n  scattered by the scene i n  the 

B 

d i r e c t i o n  o f  the radiometer. 

measured a t  an angle o f  incidence e i s  given by: 

The brightness temperature of the scene 

where 
+ 

TB(N ) = The brightness temperature measured d i r e c t l y  

above the snow-air boundary, OK 

T = The power transmission c o e f f i c i e n t  from layer  N, na 

the uppermost layer  o f  the snowpack t o  a i r  

TB(N-) = The brightness temperature measured d i r e c t l y  below 

the snow-ai r boundary 
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TS(N-) i s  the sum of the components due t s  emission by a l l  the layers  

w i t h i n  the snowpack TS(SUM), and the comoonent due t o  the eniission 

by the ground TG, therefore 

TB(N-) = Ts(SUM) + TG (4-3) 

Self-eaission by a t h i n  l a y e r  o f  snow o f  thickness Ah w i t h i n  the 

ith layer  o f  snow i s  given by: 

Tse i = Ti 1 1  - EXP (-cii pi S ~ C  9; Ah )I z Ti ~i~ pi Sec e; 

(4-4) 

The l e t t e r  i above i s  an i n d i c a t i o n  o f  the p o s i t i o n  o f  the snow l a y e r  

considered w i t h i n  the snowpack, s t a r t i n g  w i t h  i = 1 f o r  the snow 

layer  on the bottom o f  the snowpack d i r e c t l y  above the ground surface, 

and i = N fo r  the snow layer  a t  the top o f  the snowpack d i r e c t l y  below 

the snow-air boundary. Ti i s  the physical temperature of the i 

layer  of snaw, pi i s  i t s  density, K~~ i s  i t s  absorption c o e f f i c i e n t  and 

a; i s  the angle o f  propagation i n  the ith snow l a y e r  r e l a t i v e  t o  nadi r .  

t h  

The t o t a l  emission by the ith snow l a y e r  thickness di i s  

( S t i l e s  and Ulaby, 1980): 
d i  

I ,Ji  -ii Sec e: EXD p i  (di-h) Sec 9; dh 
TSi = Ti./ 0 . 

where K i s  the sca t te r  

A f te r  in tegrat ion,  Equa t 
s i  

( 4 - 5 )  

ng c o e f f i c i e n t  o f  the ith layer  o f  snow. 

on (4-5) reduces to :  
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The rad ia t i on  emit ted by the ith snowlayer t rave ls  through the snow layers 

above i t  before i t  i s  seen d i r e c t l y  below tbe air-snow boundary. The 

rad ia t i on  emit ted by the ith layer  o f  snow i s ,  therefore. attenuated 

by the factor  

The above factor i s  the loss due t o  the orooagaticn of  the r a d i a t i o n  

emit ted by the i th snod layer  throuqh the ( t i - i )  snow layers above i t .  

lheref  o r e  

i s  the power transmission coef f i c ien t  across the boundary between ‘ i ( i + l )  
the ith snow layer  and the snow layer  j u s t  above i t .  

ground thermometric temera ture  undernndtn the snowmck and : 

power transmission coe f f i c i en t  a t  the ground-snow interface, the ground 

cont r ibu t ion  measured d i r e c t I y  belo& the snow-air 5oundary i s :  

S i l n i l a r l y  if T i s  the 
9 

i s  the 
q l  
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T 

ground and the  l o w e m s t  snow l a y e r  ( layer  = l ) .  

i s  the power transmission c o e f f i c i e n t  a t  the boundar! between the 
91 

The value o f  T S i  qiven b j  Equation (4-6) i s  subst i tu ted i n t o  

Equation (4-8), and t h i s  l a l e r  equation g i v i n q  an expression f o r  T r ( S Y X )  

along w i t h  Equation (3-9) q i v i n q  an exwession for  TG, are subst i tu ted 

i n t o  Equation (4-3)  producinq a complete expression f o r  TB(?I-). 

f i n a l  exwession f o r  TB(fl-)  i c  subst i tu ted i n t o  equation I 4 - 2 )  t o  

c 

The 

N /c 1-(<ii+~li) "i di Sec (3-19) 
L 

' j = 1  
The above equation describes the emission from a snowpack o t  I; 

d i f fe ren t  layers above the ground and the emission from the qround underneath 

the snowpack. 

gives t!ie general expression o f  the model developed. 

This eql;ation when subst i tu ted i n t o  eauation ( 4 - 1 )  

Tsc ,  the cornoonent o f  the downward emitted sky rad ia t ion  scattered 

by the scene i n  the d i r e c t i o n  of  the radiometer, shorn i n  equation ( 1 - 1 )  

i s  given a s :  
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(4-11) 

Tsky i s  the downward emit ted sky rad ia t ion .  Equation (4-11) when added 

t o  Equation (4-10) produces an express im for  the aoparent temperature, 

T measured by the radiometer. 
aP * 

4.2 Calculat ions o f  the D i e l e c t r i c  Constant and the Power Absor. on 

Coef f ic ient  o f  Snow 
~ 

I n  order t o  apply the ei.iission model developed i n  the previous 

sect ion and described by Equation (4-1), ca lcu la t ions  of the power 

transmission c o e f f i c i e n t s  a t  every boundary connectin? two d i f f e r e n t  

snow layers and a t  the snow-air i n t e r f a c e  and the  ground-snow in ter face 

are rleeued. 

snow layer  and the absorDtion and sca t te r ing  c o e f f i c i e n t s  of every snow 

layer  need t o  be calculated. To obta in  a l l  these values, the complex 

d i e l e c t r i c  constant o f  snow a t  37 GHz i s  needed as a funct ion of snow 

wetness and snow densi ty.  

of snow a t  37 GHz do not  e x i s t ,  one o f  the mixing formulas shown i n  

Table 2 - 3  w i l l  be used. The Tinga e t  a l .  (1973) mixing formula i s  

used t o  abta in  the d i e l e c t r i c  constant o f  snow as a funct ion of i t s  

wetnesb a n d  densi ty a t  37 Girz. 

i s  ,<ec nere xcause i t  was shown t o  y i e l d  ,good r e s g l t s  by T i u r i  

and Schultz (1980) when used a t  37 GHz. 

'i 

the gr3und t ru t t i  experiment, and previously reoorted i n  Section 3-3. 

equal t o  3 - 2 1  g/cm . 

I n  addi t ion,  values o f  the propagation angle i n  every 

Since measurements o f  the d i e l e c t r i c  constant 

The Tinga e t  a l . ,  mixing formula 

The rad ius of the i c e  p a r t i c l e  

3s, the densi ty o f  snow, was measured dur ing i s  taken ;a Se 0.5 mn. 

3 The value o f  kw,  the d i e l e c t r i c  constant o f  water 
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a t  37 GHz, i s  obtained from Figure 2-1 and i s  kw = 9.55 - j 19.10. 

The value o f  ki, the d i e l e c t r i c  constant o f  i c e  a t  37 GHz, i s  obtained 

from Figure 2-5 an2 i s  equal t o  ki = 3.15 - j 0.093. 

d i e l e c t r i c  constant o f  snow, obtained from the mixing formula, as a 

func t ion  o f  the percentage wetness by volume nf the snow i s  shown i n  

Table 4-1 and Figures 4.1 and 4.2. 

The values o f  the 

The imaginary p a r t  o f  the d i e l e c t r i c  constant o f  snow, k l ¶  shows 

a very small value when the snow i s  o f  zero wetness. 

value increases subs tan t i a l l y  as the snow wetness increases by 3 very 

small amount, as shown i n  Table 4-1 f o r  a percentage o f  snow wetness 

by volume of 0.1%. The di f ference i n  wetness between completely d ry  

snow and t h a t  o f  0.1% wetness by volume cannot be detected by any a v a i l -  

able experimental methods. This leads us t o  suspect t h a t  the value o f  

the l oss  factor  ca lcu lated f o r  completely d ry  snow i s  u n r e a l i s t i c  and, 

therefore, should be replaced by a value comparable t o  t h a t  ca lcu lated 

fo r  a snow wetness of 0.1% by volume. 

the values of k; a t  percentaqes o f  snow wetness by volume of 0.1% 

and 0.2% and then the fit i s  extended t o  Dredic t  the value of k;' 

f o r  snow of zero wetness, the value o f  k;' predic ted i s  0.0015 as 

shown i n  Fiqure 4-3. 

Sweeny dnd Colbeck (1974) who exper imental ly measured the l oss  factor  

f o r  d ry  snow a t  a frequency o f  6 GHz and found i t  t o  be 0.003. Hence, 

the value k; = 0.003 i s  the one chosen i n  the inves t iga t ion  fo r  Mv = 0. 

However, t h i s  

I f  a l i n e a r  f i t  i s  used t o  f i t  

This value i s  very c lose t o  t h a t  reported by 

The values of k; and k; obtained by the mixing formula o f  Tinga 

e t  a1 . (1973) and modif ied a t  one value o f  k "  f o r  dry  snow are Sub- 
S 
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TABLE 4-1 

The Dielectric Constant o f  Snow 
as a Function of the Percentage Uetness by Volume of Snow 
a t  37 @iz, calculated by the Tinga e t  a l .  HiXing b m ~ l a .  

-~ ~ 

M" 

0.0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1 .o 
1.1 
1.2 
1.3 
1.4 
1 .5 
1.6 
1.7 
1.8 
1.9 
2.0 
2.1 
2.2 
2.3 
2.4 
2.5 
2.6 
2.7 
2 -8 
2.9 

1.317 
1.319 
1.321 
1 -323 
1.326 
1.328 
1.331 
1.334 
1.337 
1.339 
1.342 
1.344 
1 .345 
1.348 
1.351 
1.355 
1.358 
1.361 
1.364 
1.368 
1.371 
1.375 
1.378 
1.382 
1.385 
1.389 
1.392 
1.395 
1 .aoo 
1 .a03 

k: 
~~ ~-~ ~ 

0.2844 x lo-' 
0.5952 x lo-' 
0.0113 
0.0168 
0.0221 
0.0273 
0 A325 
0.0376 
0.0426 
0.0475 
0.0523 
0.0547 
0 .OS71 
0.0617 
0.0662 
0.0707 
0.0751 
0,0793 
0.0835 
0.0876 
0.0916 
0.0954 
0.0992 
0.1029 
0.1065 
0.1101 
0.1135 
0.1168 
0.1200 
0.1232 
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Figure 4-1 The real Part o f  the Dielectric Constant o f  Snow ki, 
as a Function of  MI,. the Percentage Wetness by Volume 
o f  Snow as Calculated by Tinga et a l .  (1973) Mixing 
Formula. 
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Figure 4-2 The Imaginary P a r t  of the D i e l e c t r i c  Constant o f  Snow 
k z ,  a s  a Function of M,, the Percentaqe Wetness by Volume 
o f  Snow as Calculated by Tinga e t  a l .  (1973) Mixing 
Formula. 
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s t i t u t e d  i n  equation (2-8) t o  g ive the values o f  aa, the f i e l d  absorpt ion 

coe f f i c i en t  o f  snow as a func t ion  o f  the snow wetness. The corresDonding 

values o f  K ~ ,  

K = 2aa a 

where K~ i s  the power absorption oef  f i 

(4-1 2) 

i e n t  i n  Nep/cm, are shown i n  

Table 4-2. 

percentage wetness by volume of snow, Mv. This f i g u r e  shows tha t  the 

deDendence o f  K~ on wetness i s  l i n e a r  and i t s  l i n e a r  best f i t  i s  given by: 

Figure 4-4 shows a p l o t  o f  K~ i n  Neo/cm versus the 

K = 0.0203 + 0.2741 Mv , Heplcm (4-1 3) a 

The equation abcve i s  used throughout the r e s t  o f  t h i s  i n v e s t i -  

gat ion t o  describe the power absorpt ion c o e f f i c i e n t  o f  snow a t  37 GHz. 

4.3  Emission Model fo r  a Single Homogeneous Snow Layer: 

During the d iu rna l  experiment conducted on 2/17 - 2/18/77 by 

S t i l e s  and Ulaby (1980) the t o t a l  depth o f  the snowpack above the 

ground was 30 cm. 

thermometric temperatures of each snow layer  were measured throughout 

the experiment and are shown i n  Table 3-1. The percentage wetness by 

volume, Mv, o f  each snow laye r  w m ~  measured throughout the experiment 

and &shown i n  Figure 3-2. T 

50°, as measured by the radiometer are reported i n  Figure 3-1. 

b in ing  the r e s u l t s  shown i n  Table 3-1 and Figure 3-2, produces 21 complete 

The snowpack was d iv ided i n t o  fou r  layers.  The 

',U iL 

' 5  
measurements f o r  4 = Oo, 20' and aP 

Com- 
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TABLE 4-2 

Values of K~ i n  Nep/cm as a Function crf Snow Wetness 

M, 

0.0 
0.11 
0.21 
0.32 
0.42 
0.53 
0.63 
0.74 
0.84 
0.95 
1.05 
1.15 
1.26 
1.36 
1.47 
1.58 
1.68 
1.78 
1.89 
1.99 
2.10 

I 2.20 
2.31 
2.41 

1 
I 
I 

1 I 2.52 
2.62 I 

K in Nep/cm a 

0.2030 x lo-’ 
0.3949 x lo-’ 
0.7649 x 10’’ 
0.1:29 
G.1487 

0.1839 
0.21 e:! 
0.2523 
0.2855 
0.3181 
0.3500 
0.3812 
0.4117 
0.4416 
0.4707 
0.4992 
0.5269 
0.5539 
0.5803 
0.6059 
0.6309 
0.6551 

0.6787 
0.7016 
0.7237 
0.7453 

---I 
I 
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Figure 4-4 K a  in Nep/cn as a function of M,, the Percentaqe Wetness 
by Volume o f  Snow. 



ground t r u t h  and microwave measurement.s a t  d i f f e r e n t  times i n  the 

diurnal experiment. 

the snow was t o t a l l y  dry  i n  a l l  i t s  layers w i t h i n  the snowpack. 

For eight out of the 21 d i f fe ren t  measurements, 

I n  t h i s  f i r s t  appl icat ion of the model described by equations 

(4-10) and (4-11), the snowpack i s  assumed t o  be made up of one homo- 

tj ’POUS snow l a y t r  tha t  i s  30 cm thick.  The thermometric temperature 

o f  t h i s  homogeneous snow layer, i t s  density and i t s  wetness are assumed 

s imi la r  t o  those measured for the top 5 cm snow layer  o f  the snowpack. 

I n  other words, an attempt w i l l  be made i n  t h i s  section t o  see whether 

the temperature, wetness and density o f  the top 5 cm layer  of snow 

can be used t o  represent the whole snowpack. 

When Equation (4-10) i s  used t o  describe the emission from one 

layer o f  snow atove iht? ground i t  reduces ta: 

I J~ dl Sec d i  (4-14) 

where 

= Power transmission coef f i c ien t  

= Power transmission coeff ic ient  a t  the ground-snow boundary, 

t the snow-air bou:-IJdry, ;a 

gs 
T 1 

T 

The snow thermometric temperature i n  OK. 

The equation above i s  solved i n  the fo l lowing way: 
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(a)  T1, the snow thermometric temperature values were shown i n  

Table 3-1. T1 values used are those reported for the top 5 cm snowlayer. 

These temperatures are assumed indicative of the whole snowpack. 

( b )  P 1 r  the density of snow was measured during the ground t r u t h  
3 experiment and reported equal to  0.21 g/cm . T h i s  value d i d  not change 

throughout tf - diurnal experiment. 

(c )  d l ,  che total depth of the snowpack was measured throughout 

the experiment and was equal to 30 ca. 

not change throughout the diurnal e y b  eriment. 

The  depth  of the snowpack d i d  

(d)  T , the thermometric temperature of the ground underneath 9 
the snow was measured for the top few centimet2rs of the ground and 

was equal to 273'K. That  i s  the ground was frozen throughout the 

diurnal experiment. 

(e)  The relative dielectric constant of frozen ground kg i s  

assumed equal to 3. 

( f )  The power transmission coefficient fsa a t  the snow-air 

boundary i s  calculated for  each of the 21 measurements considered 

where 

(4-15) 

8 = The look angle of the radiometer, O o ,  20' and 50'. 
' = k; - j k ;  = The complex dielectric constant of snow. 
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T 

constant. 

e t  a l .  (1973) mixing formula shown i n  Table 2-3, f o r  each of the 21 

d i f f e r e n t  measurements considered. 

f o r  the d i f f e r e n t  kS values and are shown as a func t ion  o f  the 

percentage wetness by volume o f  snow i n  Figures 4-5, 4-6 and 4-7 f o r  

-? = 0'. 20' and 50' respect ive ly .  

i s  a funct ion of the radiometer's look angle and the snow d i e l e c t r i c  sa 
The snow d i e l e c t r i c  constant i s  ca lcu lated using the Tinga 

fsa i s  ca lcu lated as shown above 

(9)  The propagation angles i n  the snow laye r  are ca lcu lated u s ' i g  

Snell ' s  law given below as: 

J ks 
2 

Sec 3;  = 
J k s  - Sin ? 

(4-1 6)  

The propagatidn an:le, s i ,  i s  a func t ion  o f  the snow d i e l e c t r i c  constant 

and, therefore,is a func t ion  o f  the snow wetness. 

as 
(h) The power transmission c o e f f i c i e n t  T a t  the ground-snow 

boundary i s  ca lcu lated using a s i m i l a r  expression t o  t h a t  shown by 

Equation (4-15), t ha t  i s :  

kg i s  the d i e l e c t r i c  co i s tan t  of ground. 

o f  the 21 d i f f e r e n t  measurement, :msidered and f o r  the d i f f e r e n t  

propagation angles i n  the snow layer .  

T i s  ca lcu lated for  each 
gs 

( i )  

equation (4-13). 

The value o f  K~ i s  taken equal t o  t ha t  prev ious ly  shown by 

(4-1 7 )  



(j) The s c a t t e r i n g  coef f ic ient  K ~ ,  i s  assumed t o  have the form: 

K = A + BMv (4-18) S 

That i s  K~ i s  assumed t o  have a l i n e a r  dependence on the snow wet?ess My, 

s i m i l a r  t o  r; . A and B are constants t o  be d2termined. a 

(k) Tsc, the downward emi t ted sky r a d i a t i o n  scattered by the 

snowpack i n  the d i r e c t i o n  of the  radiometer and prev ious ly  shown by 

Equation (4-11), i s  assumed t o  be small i n  value and i s  neglected i n  

t h i s  analysis.  

the ground underneath as described by Equation (4-10) i s  taken equal 

t o1  T,,, the apDarent temDeratu1.e measured by the radiometer a t  e = Oo, 

29' and 50'. 

for  T~~ as a funct ion o f  Mv a t  a = Oo, 20' and 59' respect ively,  the 

min mum value of T 

2.5 . This Qalue when subs t i tu ted  i n t o  Ea1 :ion (4-11) aqd T 

i s  taken equal t o  300'K, the lilaxirnunl poss ib le  value f o r  TSkyY T~~ 

i s  on ly  equal t o  5.55OK. 

T 

That i s  TB, the br ightness temperature o f  the snow and 

This i s  because as shown i n  Figures 4-5, 4-6 and 4-7 

ca lcu lated i s  9.9715 f o r  e = 50' and MV(S) = sa 

s kY 

This value i s  small enough t o  be neglected. 

values measured are shown i n  F i g w e  3-1. ap 
The values ca lcu lated by steps (a )  - ( k )  above are strbst i tuted 

This produces 21 equations, each descr ib ing the i n t o  Equation (4-14). 

ernission from the homogeneous layer  o f  snow a t  a p a r t i c u l a r  t ime through- 

ou t  the d iu rn f l  experiment. 

l i n e a r  regression analys is  (BMDP, UCLA: 1977) t o  estimate the values 

o f  the constants A and B. 

for  the e i a h t  measurements i n  which snow was t o t a l l y  dry  i n  a l l  i t s  

layers.  

0. 
These equations are solved using non- 

This i s  done by so lv ing Equation (4-14) 

I n  t h i s  case Equations (4-13) and (4-18) reduce to :  
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Tsa, the  Power Transmission Coef f ic ient  a t  the Snow- 
Air Boundary as a Function of Y,, the Percentaqe 
'Jletness by Volume o f  Snow a t  e = go. 
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Figure 4-6 TSa ,  the Power Transmission Coefficient a t  the Snow- 
A i r  Boundary as a Function o f  tl,, the Percentaqe 
Wetness by Volume o f  Snow a t  e = 200. 
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Figure 4 . ?sa, the Power Transmission Coefficient a t  the Snow- 
Air Boundary as a Function of I%,, the Percentaqe 
Wetness by Volume of Snow a t  e = 500. 
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K = 0.0203 a 
and 

K = A  
S 

Nep/cm 

Nep/cm 

(4-1 9) 

(4- 20a ) 

Once the value o f  A has been estimated, i t  i s  subs t i tu ted  i n t o  Equation 

(4-18) and the expression f o r  K~ with on ly  constant B unknohn i s  sub- 

s t i t u t e d  i n t o  Equation (4-14). Non-linear regression analysts are 

ca r r i ed  ou t  f o r  both the  d ry  and wet snow condi t ions t o  estimate the 

value o f  the Constant 6. The r e s u l t s  o f  these 

e 

A = 0.0171 

B = O  

Nep/cm (4-20b) 

The above equation gives a value f o r  the sca t te r ing  c o e f f i c i e n t  o f  

snow a t  37 GHz. K~ predic ted shows no dwendence on snow wetness. 

Figure 4-8 shows a p l o t  o f  K ~ ,  K~ and K~ as predic ted by t h i s  model 

as a func t ion  o f  Mv, the percentage wetness by volume o f  the snow layer .  

The values o f  K~ and K~ shown by Equations (4-13) and (4-20b) respec- 

t i v e l y  are now subs t i tu ted  i n t o  Equation (4-10) and t h i s  equation i s  

solved f o r  the 21 d i f f e r e n t  measurements t o  produce estimates of TB 

a t  d i f f e ren t  times throughout the a iurnal  experiment. Figures 4-9, 

4-10 and 4-11 show ;he observed T 

TB values as a func t ion  of time along the d iu rna l  f o r  e = Oo, 20' 

and 50' respect ive ly .  

measurement along with the ca lcu lated 
aP 

For a l l  the three angles considered, the predic ted 
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Figure 4-8 c a r  K~ and "e as a Function o f  Snow Wetness as Predir- 
ted by the Single Homogeneous Snowlayer %del. 
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Figure 4-9 Observed Tap and TB Predicted by the Single Homogeneous 
Snowlayer Model as a Function o f  Time at 0 = 00. 
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Figure 4-10 Observed Tap and Tg Predicted by the Single Homogeneous 
Snowlayer Model as a Function of Time a+. e = 200. 
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Figure 4-11 Observed Tap and TB Predicted by the Single Hoi&geneous 
Snowlayer Model as  a Function of T ime a t  c = 50°. 
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TB response leads t h a t  of the observed T 

mel t ing and lags behind i t  when the snow i s  refreeziug. 

t o  the f a c t  t h a t  the response of the predicted TB i s  a funct ion o f  the 

snow wetness o f  the top 5 cm l a y e r  o f  snow. 

response when the snow i s  

This i s  ode 

aP 

The wetness o f  the  top 5 cm 

layer  o f  snow i s  assumed here t o  be descr ip t i ve  o f  the whole snowpack. 

However, the wetness of the too 5 cm layer  qf snow experimental ly shows 

higher values o f  wetness than the r e s t  o f  the sub-snow layers when the 

snow i s  mel t ing and i n  turn shows lower wetness values than the r e s t  

o f  the sub-snow layers when the snow i s  refreezing. 

4.4 Emission Model - f o r  a Mul t i layered Snowpack 

As was oreviously mentioned i n  the l a s t  s e c t i m ,  tne snowpack 

dur ing the 2/17 - 2/18/77 d iurnal  experiment had a t o t a l  depth o f  30 

cm andnmodeled t o  consis t  o f  f o u r  distinct snow layers.  Figure 4-12 

shows the thickness o f  each of the snow l d j e r s  wi th i*n the snowpack. 

w k5 

I n  t h i s  analysis, Equation (4-10) descr ib ing the emission from a 

mul t i layered snowpack i s  used t o  estimate the value o f  K~ and i t s  

dependence on snow wetness. The snowpack i n  t h i s  case i s  t reated 

as consis t ing c?f four  d i  s t i  n c t  snow 1 ayers. 

Equation (4-10) i s  solved i n  3 s i m i l a r  manner t o  t h a t  prev ious ly  

discussed i? Section 3 - 3 .  I n  t h i s  case, however, the  power transmission 

c o e f f i c i e n t s  are ca lcu lated a t  every boundary between the snow layers,  

the  boundary netigeen the upDermost snow layer  and the a i r ,  and the boun- 

dary Letweer, t h e  ground and the lowermost snow layer .  S i m i l a r l y  the 

propagation angles are calculated i r  ?ach snow layer  f o r  the three d i f -  

ferent  look angles. Values o f  the thermometric temperrtures i n  each 

layer  and the wetness ?$ o f  each layer  for the 21 dif fe;-ent times 
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Figure 4-12 A Geometrical Presentation o f  the Snowpack Cross Sec- 
t i o n  During the 2/17/77 - 2/12/77 Diurnal Experiment. 
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considered throughout the d iu rn  1 are shown i n  Table 3-1 i nd  ’iwre :-2 

respect ive ly .  S .  the densi ty  of the snow was renortod equal t a  0.,1 

q/cm fo r  a l l  the snow layers throuqholrt the di:irnal exoerinent. ‘:re 

resu l t s  of t h i s  analysis (lives 

t 

3 

‘;eo/ cn  (4-21 ) 
V 

r: = 0.0175 - 0.0056 H 
S 

That i s  is. the sca t te r inq  coe f f i c i en t .  is srnaller i n  value than the 

absorption coe f f i c i en t ,  - - ,  for  drv S’IOM. 

w i t h  increasing wetness but,  w v  decreases 1 i nea r l y  w i t h  increasing wet- 

ness as shous i n  Figure 4-13. 

i s  very small a s  shown by Equation (3-21). 

Fiqut-es 4-14,  J-15 ana 4-15 show the T 

Also. .a increases l i n e a r l y  

J 

The r a t e  o f  decrease o f  .:s with wetness 

observed dur ing the d iu rna l  
a P  

exper iwn t  Jlonrl w i t h  the T DrediCi2d by the n u l t i l a y e r  model a t  

3 = 0’. :3’ dna 513’ resoect ive ly .  

subs t i t u t i ng  tno va1.ies o f  -. 

alona w i t h  the other para-ters t o  qive the ca lcu lated values o f  TB 

throuQhout the d i j r n a l  exoerinent. 

3-15 and 4-;6 t n a t  Ts calcy!ated s t i l l  leads Tao observed by the radiometer 

;*hen the snow i 5  - e l t i n u  ana l a m  3ehin3 i t  !:/hen the snow i s  re f reez inq.  

qowever. the difi~rer.ce i n  values between T observed and TB oredicted 

S 
The values of T3 are ca lcu lated by 

ana - of every layor  i n t o  Equation (4-10) a S 

I t  hould be seen from Figures 4-14, 

aD 

i s  !m?l?er than t ? o s e  ?reviouslv 5hown f o r  the s ing le  

model.  The fi ;s  5no:gn b v  ciqures 2 - 1 4 ,  3-15 and 4-16 

be t te r  f i t s  f ~ r  t!.ev produce estimates of TB t ha t  are 

t o  the T d 3  “ ’ e~su re r l  h v  tile radiorn2tsr. 

homogeneous 1 ayer 

are, therefore,  

c loser  i n  value 
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Figure 4-13 K a .  c s  and re  for Snow as a Function o f  Snow Wetness 
a t  37 GHz Estimated by the Mult i layered Emission 
Model. 
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Figure 4-14 Observed Tap and TB Predicted by the Multilayered 
Emission Model as a Function o f  T ime  at 8 = 00. 
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Figure 4-15 Observed Ta and Tg Predicted by the Multilayered Emission 
Model as a e unction o f  Time at e = ZOO. 
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4.5 k l t i l a y e r e d  k d e l  f o r  Snow w i th  S p l i t  Top Layer 

I n  order t o  modify the models appl ied i n  the  previous two sect ions 

t o  g ive b e t t e r  estimates of the observed T * an understanding o f  the 

snow mel t ing and refreezing process i s  necessary. Figures 3-3 t o  3-6 

along w i th  Table 3-1 i nd i ca te  t h a t  as the a i r  temperature above the 

snowpack increases s u f f i c i e n t l y  above f reez ing  combined w i t h  the rad ia-  

t i o n  from the sun sh in ing on the snowpack, t h e  snow begins t o  melt. 

The process of mel t ing s t a r t s  on the top o f  the  snowpack w i t h  the top 

1 cm of snow o r  less  becoming much more wet and so having a higher M,, 

than the r e s t  o f  the snowpack below it. 

warm enough, the  snow wetness Mv increases w i t h  t i m e  i n  the top few 

centimeters of snow, becoming wettest  on the top of the snowpack and de- 

creasing i n  wetness w i t h  increas ing snow depth. A t  t h i s  t ime the rad io-  

meter observing the snowpack a t  37 GHz i s  sens i t i ve  t o  a small snow 

deptn on the top o f  the snowpack. Due t o  the decrease i n  penetrat ion 

depth, t h i s  very small snow depth i s  responsible f o r  the  ma jo r i t y  of 

the emission o f  microwaves from the snowpack. This top and very 

wet snow layer  could be smaller i n  thickness than the top 5 cm l aye r  

of snow considered i n  the previous model and whose average wetness 

was measured by S t i l e s  and Ulaby (1980) and i s  shown i n  Figure 3-2. 

aP 

If the a i r  temperature remains 

As the a i r  temperature s t a r t s  decreasing l a t e r  i n  the afternoon 

t o  a temperature below t h a t  of f reezing, the snowpack s t a r t s  t o  refreeze 

The ref reez ing process, s i m i l a r  t o  the mel t ing process, s t a r t s  from the 

top o f  the snowpack. A small depth o f  snow on the top of the snowpack, 

which could be 1 cm i n  depth o r  smaller, s t a r t s  t o  refreeze and the Mv 
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o f  t h a t  depth decreases great ly.  With time, the wetness, M,,, o f  t h i s  

small depth drops t o  values that are less than the values o f  Mv of the 

lower depths o f  the snowpack. The snow i n  the top o f  the snowpack then 

becomes dry  and i t s  M,, drops t o  zero i n  the top few centimeters o f  the 

SnowDack, while the snow i n  the lower layers o f  the snowpack remains 

higher i n  wetness. 

the frozen laye r  on the top o f  the snowpack increases i n  thickness 

gradually down the snowpack u n t i l  the whole snowpack i s  frozen. 

With time and continuing decrease i n  a i r  temperature, 

The radiometer observing the snowpack a t  the s t a r t  o f  the re f reez ing  

process w i l l  be sens i t i ve  a t  times t o  a snow depth t h a t  i s  l a rge r  than 

the 5 cm top layer  o f  snow due t o  the increased penetrat ion depth of the 

wave with the disaopearance o f  f ree water from the top o f  the snowpack. 

The snow wetness measurements co l l ec ted  from the top 5 cm laye r  o f  snow 

are average values of wetness throughout the snow thickness considered 

and do not give the exact wetness p r o f i l e  i n  the snow thickness. This 

average value of wetness w i l l ,  therefore, l a g  behind the T 

when the snow i s  mel t ing  and lead the T 

refreezing as shown i n  Figure 3-1. This causes the hysteresis pat ter t i  

shown i n  Figures 3-7, 3-8 and 3-9. 

observed 
aP 

observed when the snow i s  
aP 

The node1 rfsvelooed as  described by Equation (4-10) needs t o  be modi- 

f i e d  t o  account fo r  t9e  ohvs i ca l  behavior o f  snow a t  i t s  mel t ing  and 

re f reez inc  o r x e s s .  

shown i n  ' iaure  4-12  as Layer 4 ,  i n t o  two scb1ayet-s each 2.5 cm i n  

thickness. The thermometric temperature o f  these two sublayers i s  

taken t o  be t h e  saw as the o r ig in6  5 cm top layer .  

wetness by voliirne i.lv o f  the top 2.5 cm l a y e r ,  shown i n  Figure 4-17 

T h i s  i s  done hy s p l i t t i n g  the uopermst snow layer,  

The percentage 
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4-17 A Geometrical Presentation of the Revised Snowpack Cross 
Section During the 2/17/77 - 2/18/77 Diurnal Experiment. 
The Top 5 cm Layer i s  Shown Spl i t  i n t o  Two 2.5 cm Sub1 ayers. 
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as Layer 5,  i s  made seven times as wet as the original 5 cm top  layer 

i n  the melt ing stage and then allowed t o  saturate a t  a value of Mv = 

2.53 which was the maximum value o f  Mv reached by the original 5 cm t o p  

layer. The percentage wetness Mv of the lower 2.5 cm layer, shown i n  

Figure 4-17 as Layer 4,  is calculated during the melting process such 

that the average value of wetness Mv of b o t h  2.5 cm snow layers is 

equal to that of the original 5 cm uppermost snow layer. 

o f  the second 2.5 cm layer i s  made seven times as wet as the original 

5 cm uppermost snow layer dur ing  the refreezing stage allowing it  to  

saturate a t  the same value o f  Mv = 2.53. The wetness o f  the top 2.5 

cri layer d u r i n g  the refreezing stage i s  then calculated such that 

the average wetness Mv of bo th  2.5 cm snow layers is equal t o  t h a t  of 

the original 5 cm uppermost snow layer. 

w i t h i n  the snowpack and their various thicknesses. 

the calculated wetness curves of the two 2.5 cm layers that  make up the 

original 5 cm uppermost snow layer, along w i t h  the wetness curve of the 

original 5 cm top layer o f  snow. 

The wetness Mv 

Figure 4-17 shows the snow layers 

Figure 4-18 shows 

Equation (4-10) describing the emission f: wn a multilayered snowpack 

i s  solved i n  a manner similar t o  t h a t  shown i n  the l a s t  two sections, 

taking i n t o  account the modifications introdxed i n  this section. The 

scattering coefficient estimated by this model as modified above i s  the 

same as t h a t  estimated i n  the previous section and shown by Equation (3-21). 

Figures ' -19, 4-20 and 4-21 show the T 

experimertt alonu w i t h  the TB predicted by the multilayered model w i t h  the 

sp l i t  t o p  layer a t  e = Oo,  20' and 50' respectively. The difference 

between the f i t s  shown here by Figures 4-19, 4-20 a n d  4-21 and those 

observed dur ing  the diurnal aP 

90 



2.8 

2.4 

2.2 

1.8 

1.4 

1.0 

0.6 

0.2 

$R 
Y 

- Top 2.5 cm M, -- Top 5 cm M, 
I--= Second 2.5 cm M, 

0 .  ' I I I I I J 

6 8 10 12 14 16 18 20 22 24 2 4 6 8 10 
Hour of Day 

Figure 4-18 Percentase Wetness by Volume !Iv Curves f o r  the Top 
2.5 cm Snow Layers Along With the Or ig ina l  5 cm 
Snow Layer Vetness Curve o f  the 2/17/77 - 2/18/77 
9iurnal  Experiment. The Top 2.6 cm Layer i s  Seven 
Times as ldet as the Or ig ina l  5 cm Layer i n  the Mel t ing 
Staqe While the Lower 2.5 crn Layer i s  Seven Times as 
Wet ;is t r ie Or ig ina l  5 cm Layer i n  the Refreezinq Stage. 
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Figure 4-19 The Observed Tap and the Predicted TB as Calculated 
by the Multi layered Ernisston Model With S p l i t  Top 
Layer a t  e = 00. 
Thick and Seven Times as Wet as the Original 5 cm 
Top Snow Layer. 

The Uppermost Sublayer i s  2 .5  cm 
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Figure 4-20 The Observed Tap and the Predicted TB 2 s  Calculated 
by the Multi layercd Emission Model with S p l i t  Top 
Layer a t  e = 200. The Uppermost Sublayer i s  2.5 cm 
Thick and Sever: Time5 as # e t  as the Original  5 cm 
Top Snow1 ayer 
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Figure 4-21 The Observed Tap and the Predicted TB as Calculated 
by the Multi layered Emission #ode1 with S p l i t  Top 
Layer a t  3 = 500. The Uppermost Sublayer i s  2.5 cm 
Thick dnd Seven Times as Wet as the Original 5 cm To; 
Snow1 ayer . 
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calculated previously and shown by figures 4-14, 4-15 and 4-16, for  

e = Oo, 20' and 50' respec t ive ly ,  for TB are verj small. 

The uppermost 2.5 CAI snau layer was made e igh t ,  12 and 15 times 

as wet as  the original 5 CI?I uppermost layer o f  snow. The original 

top 5 an layer of snow was s p l i t  into two sublayers. The thickness 

o f  the top layer was made 1 cm and that of t h ?  second layer 4 cm i n  

thickness and the analysis repeatee agaic f o r  the d i f f e ren t  wetnesses 

considered. However, the f i t s  produced by t h e  d i f f e ren t  thickness 

o f  t h e  snow sub-layers o r  t h e  d i f f e r e n t  wetnesses considered 

much different from those shown by Figures 4-19, 4-20 aad 4-21 and are, 

therefore, not shown here. 

not 
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the 

5.0 EVALUATION OF THE EMISSION MODELS AN0 THEIR RESULTS 

In this chapter, a l l  of the emission modeis developed and applied 

i n  Chapter 4 t o  describe the emission from a snowpack are evaluated. 

The model tha t  predicts the best estimates of the Tap observed by the 

37 GHz radiometer throughout the diurnal experiment i s  considered the 

superior model. 

K the scattering coefficient estimated by the superior model chosen 

are  comared t o  similar values reported i n  the l i terature  and a re  

used to  calculate the percentage contribution from each layer o f  the 

snowDack throughout the diurnal experiment. 

5.1 Evaluation of the l%dels 

The values of ca, the absorption coefficient and 

5’ 

Two methods are used t o  evaluate the models developed in Chapter 

4. The f i r s t  i s  a residual sum o f  squares analysis in which the sum 

of the squares of residuals occuring between TB(N+) predicted by the 

model and T observed i s  calculated for each model. The model that 
aP 

shows the least  residual sun! c f  squares a t  a l l  o f  the radiometer’s 

look angles i s  therefore considered a better model for i t  gives the 

best estimates o f  T observed. Table 5-1 shows the results of such 

an analysis cmducted on al l  the models developed. 

i n g  a multilayered snowpack w i t h  s p l i t  uppermost layer o f  snow and 

whose 2.5 cm t o p  layer i s  seven times as wet as the original 5 cm 

uppermst layer o f  snow shows the least residual sum o f  squares for  

aP 
The model describ- 

3. 

The second evaluation method conducted. i s  a linear correlation 

a n d  

results 

ysi; between the values o f  the TB(!it) predicted by each mode 

observed by the  radiometer. Figures 5-1 t o  5-9 show the Ta ” 
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TABLE 5-1 

I I i 50' 
1 Model 00 200 I - I 

The Residual Sum of Squares Analysis 
Conducted for a l l  the Models Developed and 

a t  e = 00, 200 and 500. 

3732.51 Snowpack I 2044.23 

f4~ l  ti 1 ayered Snowpack 1690.29 2077.31 

hl ti layered Snowpack 
with S p l i t  Top Layer 1380 -06 1598.42 

9022.11 

3220.e4 I 
3148.98 1 

i 
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Ts (Prxi) = 0.940 T,(Obs) + 16.150 
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F*.gure 5-1 Linear Correlation Coefficient Between the Predicted 
TB as Calculated by the  Single Homogeneous Layer Snow 
pack Model a t  .! = 00 and  the T aP Observed. 
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Figure 5-2 Linear Correlation Coeff ic ient  Between the Predicted 
Tg a s  Calculated by the Single Homogeneous Layer 
Snowpack Model at 0 = 200 and the T Observed. 

aP 
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Ts (Prxi) = 1.010 Tap (Obs) + 14.751 

Observed Top in OK 

Figure 5-3 Linear Correlation' Coefficient Between the Predicted 
TB as Calculated by the Single Homogeneous Layer 
Snowpack Model a t  e = 500 and the T Observed. 

aP 
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Te (Prac!) = 0.979 T,(Obs) + 3.692 

Observed Tap in OK 

Figure 5-4 Linear Corre lat ion Coefficient Between the Predicted 
TB as Calculated by the Mul t i layered Snowpack Model 
a t  d = 00 and the T Observed. 

aP 
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TB (Pr2d = 0.979 T,,tObs) + 3.004 
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Figure 5-5 Linear Correlat ion Coefficient Between the Predicted 
TB as Calculated by the Mu1 t i l ayered  Snowpack Model 
a t  e = 200 and the T Observed. 

aP 
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Figure 5-6 Linear Correlation- Coefficient Between the Predicted 
TB as Calculated by the Multilayered Snowpack Model 
at e = 500 and the T Observed. 
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Ts ( P m )  = 0.970 LP (Obs) + 5.560 

Observed Tap in O K  

Figure 5-7 Linear Correlat ion Coef f ic ient  Between the Predicted 
TB as Calculated by the Mult i layered Snowpack w i t h  the 
S p l i t  Top Layer and the T, Observed a t  e = 00. New 
Uppermost Layer i s  2 . 5  cm f n  Thickness and Seven Times 
as Wet as the Original  5 cm Top Snow Layer. 
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To (Preo) = 0.957 T,,(Obs) + 9.215; 

r = 0.98 

I I I I I I J 
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Figure 5-8 Linear Correlat ion Coeff ic ient  Between the Predicted 
To as Calculated by the Mul t i layered Snowpack with the 
S p l i t  lop Layer and the Tap Observed a t  e = 200. 
New Uppermost Layer i s  2.5 cm i n  Thickness and Seven 
Times as Wet as the Original  5 cm Top Snow Layer. 
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Figure 5-9 Linear Correlat ion Coeff ic ient  Between the Predicted 
TB as Calculated by the Mult i layered Snowpack wi th  the 
S p l i t  Top Layer and the T. 
New Uppermost Layer i s  2 . t  cm i n  Thickness and Seven 
Times as Wet as the Original  5 cm Top Snow Layer. 

Observed a t  e = 500. 
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o f  such an analysis ca r r i ed  out on a l l  the r e s u l t s  o f  the models devel- 

oped a t  e = Oo, 20' and 50'. Figures 5-1, 5-2 and 5-3 show the 1 inear 

co r re la t i on  between the TB predicted by the s ing le  homogeneous layered 

snowpack and the T 

f igures 5-4, 5-5 and 5-6 show the l i n e a r  Cor re la t ion  bebeen the TB 

predicted b j  the mul t i layered  snowpack and the T 

20' and SOo respect ively.  Figures 5-7, 5-8 and 5-9 show the l i n e a r  

co r re la t i on  between the TB, predicted by the mu1 t i l a y e r e d  snowpack 

model w i th  the o r i g i n a l  uppermost snow layer  s p l i t  i n t o  two sublayers, 

each 2.5 cm i n  thickness, and the T 

50' respect ively.  Both mu1 t i l a y e r e d  emission models show superior 

estimates o f  Te than the s ing le homogeneous layer  model. However, there 

i s  l i t t l e  di f ference i n  the co r re la t i on  c o e f f i c i e n t  between the values 

of T8 predicted by both mul t i layered  models and the T 

On t h i s  basis the mu1 t i l a y e r e d  snowpack model, w i t h  the uppermost l aye r  

s p l i t  i n t o  two sublayers each 2.5 cm i n  thickness and the top sublayer 

observed a t  e = Oo, 20' and 50' respect ively.  
aP 

observed a t  e = Oo, 
aP 

observed a t  e = Oo, 20' and 
aP 

observed. 
aP 

i s  made seven times as wet as the o r i g i n a l  5 cm uppermost snowlayer 

i s  considered the best model o f  the three developed. 

5.2 

Snowpack Model 

Evaluation of the Values o f  K~ and K~ Estimated by the Mul t i layered  

Equations 4-13 and 4-21 show the absorption c o e f f i c i e c t  calcuiated 

by the Tinga e t  a l .  (1973) mixing formula And the sca t te r ing  coe f f i c i en t  

estimated by the mult i layered emission model o f  snow as a func t ion  o f  

snow wetness. 

f o r  dry snow a re  compared to  those previously reported i n  the l i t e r a t u r e  

The values of ka. K~ and K~ calculated i n  t h i s  study 
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as shown i n  Table 5-2. The values o f  tea, as and ae calculated f o r  dry snow 

i n  t h i s  study are greater i n  value than those reported by both S t i l e s  

and Ulaby (1980) and Hofer and k t z l e r  (2980). This i s  due t o  the fol lowing 

reasons : 

(a) The dif ference i q  the snow depth. snow density, snow tesperature, 

and snow crysta l  structure i n  a l l  the experiments conducted. There 

were also differences i n  a i r  temperature and other enviromoental con- 

d i t ions which could have caused the differences seen i n  the v a l e s  

o f  K ~ ,  K and K ~ .  S 

(b) The values o f  K ~ ,  as and ae estimated by S t i l e s  and Ulaby 

(1980) are obtained from the resul ts  of the snow 3 i l e  experislent shown 

i n  Figure 3-10. I n  t h e i r  experiment, the snow was p i l e d  up t o  a depth 

o f  170 cm and the apparent temperature o f  thr snow p i l e  a t  37 GHz 

way measured f o r  d i f fe ren t  depths. A t  the same time, T 

fr ...I the undisturbed snowpack around the snow p i l e  to  see the dif ference 

i n  the T 

a snow depth, above the ground, o f  30 cm o r  f o r  a 6.3 cm water equivalent 

a t  e = 27', the T 

T measured from the undisturbed snow was 20OoK. S imi la r ly  for  

e = 57' and a water equivalent o f  15 cm, T 

p i l e  was 20O0K whereas T 

That i s  the values o f  T 

those measured from the undisturbed snow. 

was measured 
aP 

measurement f o r  the same depth. Figure 3-10 shows tha t  f o r  aP 

measured f r o m  the snow p i l e  was 260°K whereas the 
aP 

aP 
measured from the snow 

aP 
measured from the undisturbed snow was 175'K. 

aP 
measured from the snow o i l e  are higher than 

aP 
This di f ference i s  due t o  

the a l terat ion i n  the crystal  structure o f  the snow as it was p i l e d  

causing tbe scattering coeff icien. .o become smaller i n  the snow p i l e  

than i t  i s  for the undisturbed snow and, t* * 'J'U rng higher 
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TABLE 5-2 

Values of ~ a .  r s ,  I;e f o r  Dry Snow 
GS a Function o f  cr Calculated Usinq S t i l e s  and itlaby (1980) Model, 

the Flu1 t i layered Snowpack Emission :lode1 
and the Hofer and Hatzler (1980) Hodel. 

Model 

S t i l e s  and Ulaby (1980) 

S t i l e s  and Ulaby (1980) 

Mult i layered Emission Hodel 

Hofer 6 Hatzler (1980) 
(High Minter)  

Hofer b Hatzler ( 1980) 
(Spring) 

i - 

27' 

57" 

0". 20" & 50" 

0"-60" 

0" -60" 

0.04 0.04 0.52 

0.07 0.05 0.59 

0.18 0.15 0.55 

0.02 0.03 0.40 

0.02 0.04 0.33 

- 
e 

Wcm 
*: 

0.08 

0.12 

0.33  

0.05 

0.06 
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values o f  T 

values o f  ua, IC and ue ca lcu la ted  i n  t h i s  study are those o f  undis- 

turbed snow wf i i le those ca lcu la ted  by S t i l e s  and Ulaby (1980) are those 

f o r  the snow p i l e ,  the l a rge r  values of ca, cS and ce ca lcu la ted  here 

are, therefore, explainable. Figures 5-10 and 5-11 show the brightness 

temperature calculated using Equation (4-14) f o r  a snowpack made up 

o f  one homogeneous l a y e r  o f  snow as a fbnc t ion  o f  water equivalent 

a t  6 = 27' and 57' respect ively.  These f igures are ca lcu la ted  by 

subs t i t u t i ng  the values o f  ca. us and ye obtained i n  t h i s  study f o r  

undisturbed snow i n t o  Equation (4-14). The f igures a lso  show the measure- 

ments o f  S t i l e s  and Ulaby (1980) fo r  undisturbed SROW a t  

57' o f  Figure 3-10. Notice the sna l l  d i f fe rence i n  Te ca lcu la ted  here 

and tha t  measured by S t i l e s  and l l a b y  (1980) a t  the two angles con- 

sidered. 

f rom the snow p i l e  than undisturbed snow. Since the 
aP 

5 

= 27' and 

(c)  The r a t i o  of K J K ~  i s  very s i m i l a r  i n  a l l  the measuremnts 

shown i n  Table 5-2, however the value o f  

The dependence o f  Ts on IC; i s  shown i n  Figure 5-12. 

T i s  p l o t t e d  versus K; for  a snowpack made up of one homogeneous 

laye r  and 30 cm i n  depth and a snow temperature o f  262.33'K. ce 

calculated i n  the study i s  comparable i n  value t o  the t o t a l  loss measured 

by S t i l e s  and Ulaby (1980) for  dry snow as shown i n  Figure 2-10. This 

adds t o  the c r e d i b i l i t y  of the value o f  

tends t o  be much d i f f e r e n t .  

I n  t h i s  f igure,  

B 

calculated here. 

5.3 Total Emission from Each Snow Layer - 

The emission from each snow layer  w i t h i n  the snowpack, shown 

i n  Figure 4-9 i s  calculated using the values o f  K and K~ given by a 
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Figure 5-10 T Calculated From an Undisturbed Snowpack as a Function 

Ka, K~ and Ke Calculated i n  This Study. 
o ! W for One Layered Snowpack a t  e = 2 7 O  Using the 
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Figure 5-11 T calculated From an Undisturbed Snowpack as a Function 

L~ and <e Calculated i n  the Study. Ka 
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Figure 5-12 TB as a Function o f  KC f o r  a Snowpack o f  One Homogen- 
eous Layer a t  NadiP. The Snow Depth i s  30 cm and Snow 
Temperature i s  262.330K. 
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Equations 4-13 and 4-21 respectively, and Equation (4-10). Figure 

5-13 shows the oercentage contr ibut ion of each layer  w i th in  the snow- 

pack as a function of time throughout the d i v n a l  experiment. It i s  

seen tha t  for  dry snow, the ground contr ibutes the most t o  the t o t a l  

microwave emission measured by the radiometer. The contr ibut ion f rom 

the ground underneath a t o t a l l y  dry snowpack i s  above 45% o f  the t o t a l  

emission meawred. As the topmost snow layer  o f  the snowpack increases 

i n  wetness, i t s  percentage contr ibut ion t o  the t o t a l  emission increases 

as we1 1. When the wetness o f  the top 5 cm layer  i s  1% by volume i t  

contr ibutes almost 80% o f  the t o t a l  emission. When the snow wetr: ss 

of  the too 5 cm layer o f  snow i s  2% by volume, i t  contr ibutes 90% 

of the t o t a l  emission. For dry snow, therefore, the emission f r o m  the 

snowpack and the ground underneath i t  i s  a volume emission stemning 

from each layer  w i th in  the snowpack and the ground underneath it. 

However, t h i s  volume emission changes rap id ly  wi th  the appearance of 

free water i n  the uppermost layer of the snowpack t o  become a surface 

emission stemning almost t o t a l l y  from the surface layer  o f  the snowpack. 
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Figure 5-13 The Percentage Contribution ol: Each Layer Within the 
Snowpack as a Function o f  Time. 
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6.0 CONCLUDING REMARKS 

In  t h i s  paper a model descr ib ing the microwave emission from 

snow a t  37 GHz was developed as a funct ion of the physical  and d i e l e c t r i c  

parameters o f  the snowpack. 

o f  a snowpack cons is t ing  o f  d i f f e ren t  layers.  

informat ion on the cont r ibu t ion  o f  each snow laye r  and the ground t o  

the t o t a l  emission, f o r  both wet and dry snow condi t ions.  The model 

a lso provided so lut ions o f  the  scatter ing,  abswpt ion  and ex t i nc t i on  

coe f f i c i en ts  f o r  both wet and dry  snow. 

model are due t o  the fo l lowing:  

(a) The model develooed predic ted the br ightness temperature 

These parameters included the considerat ion 

The model provided 

The e r ro rs  t h a t  e x i s t  i n  t h i s  

o f  the snow and no t  the apparent temperature a c t u a l l y  measured. 

It, therefore, d i d  no t  take i n t o  account the con t r i bu t i on  o f  the downward 

emit ted sky rad ia t i on  scattered by the scene i n  the  d i r e c t i o n  o f  the 

radiometer antenna. 

(b) The lack of informat ion o f  the d i e l e c t r i c  constant o f  wet 

snow a t  37 GHz, and of the d i e l e c t r i c  constant o f  each snow laye r  

considered throughout the experiment. 

(c )  The lack of wetness p ro f i l es  t h a t  provide the wetness o f  

the snowpack accurately and f o r  every 1 cm thickness o f  the snowpack. 

(d) Lack of  information on the exact cont r ibu+ion o f  the ground 

t o  the apparent temperature measured by radiometer. sincc no T 

measurements were conducted f o r  the frozen ground o f  the scene dur ing 

the experiment. 

aP 
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The model i s  the f i r s t  t o  ca lculate  values o f  ca, K~ and 

of snow wetness. The model i s  a lso the f i r s t  t o  show the contr ibut ion 

of each snow layer  t o  the t o t a l  emission from snow and ground as a 

function of snow wetness. 

as a funct ion 
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